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This paper reviews and summarizes the recent first-principles theoretical studies of the structural 
stability, electronic structure, optical and magnetic properties of nonmetal-doped Ti02. The first 
section presents a comparison study of the structural stability for X-anion and X-cation doped Ti02 
(X=B, C, Si, Ge, N, P, As, Sb, S, Se, Te, F, CI, Br, and 1), which reveals that the sites of nonmetal 
dopants (i.e., at O sites or at Ti sites) in Ti02 are determined by the growth condition of doped 
Ti02 and the dopants' electronegativities. The next section reviews the electronic structure, optical 
absorption and mechanism of the visible-light photocatalytic activity for nonmetal-doped Ti02. The 
third section summarizes the origin of the spin-polarization and the magnetic coupling character in 
C- (N- and B-) doped Ti02. 
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I. INTRODUCTION 



Titanium dioxide (Ti02) is one ideal semiconductor 
photocatalyst because of its excellent properties (e.g., 
high activity, good stability, nontoxicity and low cost), 
which has many promising applications in the fields 
of renewable energy and environmental protections. [l|- 
[3] However, the larger band gap of Ti02 (^3.2 eV 
for anatase and ~3.0 cV for rutile) makes it inefficient 
for visible-light to excite the electron-hole pairs, which 
are necessary to initiate a photocatalytic process. 0-[3| 
Hence, the photocatalytic applications of Ti02 in the 
visible-light range are heavily limited. To improve the 
spectra response and photocatalytic activity of Ti02 in 
the whole solar spectra, numerous efforts have been car- 
ried out and some progress is achieved. 

[113 Especially m 

recent years, a number of attempts have been made to 
improve the visible-light absorption of Ti02 by nonmetal 
doping, which either introduces some impurity states in 
the band gap or modifies the fundamental band gap of 
Ti02, and promote the photocatalytic activity of Ti02 
to some degree. [1-[1| 



In this paper, we review and summarize the recent 
theoretical progress on the structural stability, electronic 
structures, optical and magnetic properties of nonmetal- 
doped Ti02. This review is divided into three sections. 
Firstly, we illustrate the relationship between the dop- 
ing sites of nonmetal atoms and their electronegativities 
as well as the growth condition of doped Ti02 samples. 
Secondly, we focus on the nonmetal doping effects on 
the electronic structure and optical absorption of Ti02 
as well as the modification of its photocatalytic activ- 
ity. Finally, we review the origin of the spin-polarization 
and magnetic coupling character in C- (N- and B-) doped 
Ti02. This work aims to provide a general understanding 
on the structural stability, electronic structure, optical 
absorption and magnetic properties of nonmetal-doped 
Ti02. 
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II. STRUCTURAL STABILITY 

First-principles density functional theory (DFT) calcu- 
lations for the relative stability of nonmetal-doped Ti02 
can help us understand the formation of the doped struc- 
tures and provide useful guidance to prepare samples. [lOl- 
[Tsj Firstly, let us focus on the structural stability of sub- 
stitutional doping models. In principle, there are two 
possible substitutional doping ways for X-doped Ti02, 
i.e., an X anion at an O site (X@0) or an X cation at a 
Ti site (X@Ti) . The defect formation energy required for 
X substituting for cither O or Ti in Ti02 could be cal- 
culated from the following formulas, respectively. [l6l - [l8j 

Ef = Ex -doped — Eundoped — + (1) 



Ef = Ex-doped — Eundoped — I^^X + l^Ti (2) 

Ex-doped is the total energy of X-dopcd Ti02 and 
Eundoped is thc total cncrgy of undoped Ti02. ^ix is 
the chemical potential of dopant X, and /io (^Ti) is the 
chemical potential of the O (Ti). The chemical poten- 
tials of Ti and O depend on whether Ti02 is grown under 
0-rich or Ti-rich growth condition. Under Ti-rich con- 
dition, the Ti chemical potential can be assumed as the 
energy of bulk Ti while the O chemical potential can be 
obtained by the growth condition: 

llTi + S^iO MTi02 (3) 

Under 0-rich condition, the chemical potential of O 
can be calculated from the ground-state energy of O2 
molecule, while the chemical potential of Ti is then fixed 
by condition (3). Therefore, a link between the defect 
formation energy and the external growth condition of 
doped Ti02 can be created. 

The relationship between the formation energies of 
substitutional nonmetal-dopcd Ti02 and its growth con- 
dition has been studied systcmically. [ll|, ITsMlSj l For Si- 
doped Ti02, thc formation energy of substitutional Si- 
cation doped model is much less than that of substitu- 
tional Si-anion doped model under both Ti-rich and O- 
rich growth conditions. [TtI [Tgl. [20| This indicates that Si 
is energetically more favorable to substitute Ti than O 
under both Ti-rich and 0-rich growth conditions. For S- 
and P-doped Ti02, thc doping sites of S and P strongly 
depend on thc pre par ing method and growth condition 
of thc doped Ti02.]ll [H Under 0-rich growth con- 
dition, S (P) prefers to replace Ti and form substitu- 
tional S (P)-cation doped structure. On the contrary, 
under Ti-rich growth condition, S (P) prefers to replace 
O and form S (P)-anion doped structure. This is con- 
sistent with the ex per iments reported by several inde- 
pendent groups. [23^:26| Yu et al. and Olmo et al. used 
the titanium isopropoxide and thiourea as the titanium 
and sulfur original materials, respectively, which corre- 



sponds to thc 0-rich growth condition, and prepared the 
S-cation doped Ti09. |23l - [25j And it is further confirmed 
that replacing Ti by S is energetically more favorable 
than replacing O under the 0-rich growth condition. [23j 
In contrast, Umebayashi et al. used TiS2 as the starting 
material, which corresponds to the Ti-ric h g rowth con- 
dition, and prepared S-anion doped Ti09.|26l [27| There- 
fore, thc first-principles theoretical calculations demon- 
strated a basic experimental fact that the ionic form and 
site of S (P) dopant in Ti02 can be controlled by the 
growth condition and preparation method of doped Ti02 
sample. [li,[2l|,[22| For C-doped TiOa, Di Valentin et aVs 
theoretical calculations also gave a similar conclusion. (TJ 
In addition, the first-principles theoretical calculations 
for halogen-doped Ti02 further revealed the relationship 
between thc doping sites of halogen atoms and their elec- 
tronegativities as well as thc growth condition of doped 
Ti02 4ll[2i] The following conclusions were drawn[ill: 

(1) Substitutional X-anion doped Ti02 (X=F, CI, Br, 
and I) is energetically preferred to form under the Ti-rich 
rather than under the 0-rich growth condition, and the 
formation energy increases in the order F < CI < Br < 
I. This indicates that it is more difficult to replace an O 
atom using a larger and less electronegative X atom. 

(2) Substitutional X-cation doped Ti02 (X=F, CI, Br, 
and I) is energetically preferred to form under the 0-rich 
rather than under the Ti-rich growth condition, and the 
formation energy increases in the order I < Br < CI < 
F. This indicates that it is more difficult to replace a Ti 
atom using a smaller and more electronegative X atom. 

(3) Under 0-rich growth condition, it is energetically 
more favorable to substitute Ti than O using Br and I, 
while it is energetically more favorable to substitute O 
than Ti using F and CI. 

(4) Under Ti-rich growth condition, it is energetically 
more favorable to substitute O than Ti using all the X 
atoms (X= F, CI, Br, and I). 

To qualitatively show the relationship between the for- 
mation energy and the growth condition of doped Ti02 
as well as the electronegativities of dopants, we plot the 
function of the formation energies of nonmetal-doped 
Ti02 as the oxygen chemical potential (corresponding 
to the growth condition of Ti02), see Figure [TJ Thc fol- 
lowing conclusions can be obtained: 

(1) For high electronegative F (CI and N), it is ener- 
getically more favorable to substitute O than Ti under 
both 0-rich and Ti-rich conditions. 

(2) For low electronegative Si (Ge), it is energetically 
more favorable to substitute Ti than O under both 0-rich 
and Ti-rich conditions. 

(3) For other nonmetal main group elements X- (X=B, 
C, S, Se, Te, P, As, Sb, Br, and I) doped TiOs, substi- 
tutional X-anion doped Ti02 is energetically preferred 
to form under Ti-rich condition while substitutional X- 
cation doped Ti02 is energetically preferred to form un- 
der 0-rich condition. This discrepancy can be partially 
understood from the electronegativity difference between 
nonmetal dopants and O (Ti) as well as the bond strength 
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FIG. 1: (Color online) Calculated formation energies of sub- 
stitutional nonmetal-doped Ti02 as a function of the oxy- 
gen chemical potential (no)- (a) B and carbon group (C, Si, 
and Ge) doped Ti02, (b) Nitrogen group (N, P, As, and Sb) 
doped Ti02, (c) Chalcogen (S, Se, and Te) doped Ti02 and 
(d) Halogen (F, CI, Br, and I) doped Ti02. X@0 and X@Ti 
represent substitutional X for O and substitutional X for Ti 
doped structure, respectively. The Pauling electronegativities 
of these nonmetal dopants are given inside the parentheses. 



of X-0 and X-Ti bonds. For high electronegative F (CI 
and N), it is preferred to form F-Ti (Cl-Ti and N-Ti) 
bond by picking up electrons from Ti rather than form 
F-0 (Cl-0 and N-0) bond by losing electrons. For low 
electronegative Si (Ge), it is preferred to form Si-0 (Ge- 
O) bond by losing electrons to O rather than form Si-Ti 
(Ge-Ti) bond by picking up electrons. For other non- 
metal main group elements X (X=B, C, S, Se, Te, P, As, 
Sb, Br, and I), their electronegativities are between Ge 
and N, and thus both X-0 and X-Ti bonds are possible 
to form, depending on the growth conditions of doped 
Ti02- These results are expected to provide some use- 
ful guidance to prepare nonmetal-doped Ti02 and other 
semiconductor oxides. 

Next, let us discuss the possibility of interstitial 
nonmetal-doped Ti02. Generally speaking, only the 
dopant with a small atomic size can easily form inter- 



stitially doped structure. Therefore, B, C, and N are 
most possible to be located at interstitial site. First- 
principles theoretical calculations show that substitu- 
tional N-anion and interstitial N-doped structures have 
nearly the same formation energy under O-rich growth 
condition. [l3j Di Valentin et al. found that interstitial 
G-doped Ti02 even has lower formation energy than 
substitutional G-anion doped Ti02 under O-rich growth 
condition. [2^ Geng et al. reported that interstitial B- 
doped Ti02 has slightly lower formation energy than sub- 
stitutional B-anion doped TiO9.[30j Finazzi et al. also 
suggested that the substitutional-anion doped B dopants 
can be converted into interstitial B after annealing at 
high temperature on the basis of the first-principles 
analysis. [3l[ In summary, for the nonmetal dopants with 
small atomic size, both the substitutional (at O site) and 
interstitial structures are possible to form. 



III. ELECTRONIC STRUCTURE AND 
OPTICAL ABSORPTION 



In 2001, Asahi et al. reported the visible-light photo- 
catalytic activity of nitrogen-doped Ti02.@,[l2| Soon af- 
ter, various nonmetal-doped (including B, G, Si, P, S, 
and halogen elements) Ti02 has been studied to explore 
their photocatalytic performance under visible-light. Al- 
though most of these nonmetal-doped Ti02 show the 
visible-light optical absorption and photocatalytic activ- 
ity in some degree, there are some "tricky" fundamental 
issues in their experimental optical absorption spectra 
and visible-light photocatalytic mechanism. For exam- 
ple, what leads to the controversy on the origin of the 
visible-light absorption in N-doped Ti02? Why can B- 
doped Ti02 show both rcdshift and blueshift of the op- 
tical absorption edge? What is responsible for the dif- 
ferent optical absorption thresholds in G-doped Ti02? 
Which form (anion or cation) of the Si (P and S) ion 
in Ti02 is more effective to promote the visible-light 
absorption? Gan F-doping lead to the visible-light ab- 
sorption of Ti02? Why can Gl- and Br-doped Ti02 
show the stronger photocatalytic ability than that of un- 
doped Ti02? What is the difference on the mechanism 
of the visible-light absorption between the I-anion and 
I-cation doped Ti02? To answer these questions, first- 
principle theoretical calculation is an effective approach 
and it has successfully explained many experimental phe- 
nomena, including the issues mentioned above. In this 
section, we review the recent theoretical progress in un- 
derstanding the electronic structure and optical absorp- 
tion of nonmetal-doped Ti02 from first-principles calcu- 
lations. 
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A. N Doping 

1. Origm of Visible-light Absorption 

Since the discovery that N doping can promote the 
visible- hght photocatalytic activity of Ti02,[l, 113 ^i^" 
merous experimental efforts have been made to study 
the N doping influence on the optical absorption and 
photocatalytic properties of Ti02.[il 111-113 With the 
progress of the theoretical and experimental research, the 
controversy on the origin of the redshift of the optical ab- 
sorption edge in N-doped Ti02 appears. [gIITsI. l48l| Three 
different opinions have been proposed to explain the red- 
shift of the optical absorption edge in N-doped Ti02: 

(1) The mixing of N 2p states and valence band 
(VB) leads to the band-gap narrowing. A representa- 
tive example is Asahi et aZ.'s theoretical calculation and 
experiment, l a . |3 2| a,nd it is further confirmed by the later 
experiments^jSOl Ell. l49l | 

(2) N doping introduces isolated impurity states 
in the ban d g ap. This is widely confirmed by the 
experiments [33, ISJ, l4t]l 1411 and the first-principles the- 
oretical calculations. \13L l50l - [53| 

(3) N doping creates oxygen vacancies in Ti02, which 
introduces defect states in the band gap , and this leads 
to the visible- light absorption. [U [5445 6| 

In addition, several independent research groups re- 
ported that there exists an optimal nitrogen concentra- 
tion to achieve the highest photocatalytic activity [4lll4^ 
or maximize visible-light absorption. [49| It is also found 
that a band-gap narrowing can be realized in high- 
concentration N-doped Ti02.[4ll,|4^ As a consequence, it 
is speculated that the N-doped Ti02 may show different 
electronic structure characteristics under different dop- 
ing concentration, which may lead to the controversy on 
the origin of the visible-light absorption. This specula- 
tion was confirmed thr oug h the first-principles electronic 
structure calculations. |13| 

Figure [2] shows the total density of states (TDOS) and 
projected density of states (PDOS) of N-doped anatase 
Ti02 with different N-doping levels; figure [3] shows the 
electronic band structures of undopcd and N-doped rutile 
Ti02 with doping levels at 1.39 at.% and (c) 4.17 at.%, 
respectively. From the electronic structure analysis, it is 
found that different N-do pin g levels can lead to different 
electronic characteristics: flSj 

(1) At lower doping concentration (< '^2.1 at.%), N 
doping introduces some isolated impurity states above 
the VB in the band gap. They act as transition levels, 
and thus the electronic transition among the VB, conduc- 
tion band (CB) and impurity states may be responsible 
for the redshift of the optical absorption edge. |5C)l - l53j 

(2) At higher doping levels (> --4.2 at.%), more N 2p 
states are introduced, and they mix with the O 2p states, 
leading to the band-gap narrowing. Q 

Zhao et al. also found similar conclusion from first- 
principles calculations. [11] Therefore, these results can 
clarify the controversy on the origin of the redshift of 
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FIG. 2: (Color online) Density of states (DOS) of N- 
anion doped anatase Ti02 with different N-doping lev- 
els, (a) Undoped Ti02, (b) 1.04 at.%, (c) 2.08 at.%, (d) 
3.13 at.%, and (e) 4.17 at.%. The energy is measured 
from the top of the valence band of undoped rutile Ti02. 
Reprinted with permission from Yang, K.; Dai, Y.; Huang, 
B. J. Phys. Chem. C 20 07, 111, 12086.| Copyright (2007) 
American Chemical Society. 




FIG. 3: (Color online) Band structure plots for (a) un- 
doped and N-doped rutile Ti02 with a doping level of (b) 
1.39 at.% and (c) 4.17 at.%. The energy is measured 
from the top of the valence band of undoped rutile Ti02. 
Reprinted with permission from Yang, K.; Dai, Y.; Huang, 
B. J.JPhys. Chem. C 2007, 111, 12086.. Copyright (2007) 
American Chemical Society. 



the optical absorption edge in N-doped Ti02, i.e., band- 
gap narrowing and N 2p states in the band gap can be 
both responsible for the visible-light absorption of N- 
doped Ti02, which depends on the N doping levels. It 
is noted that same conclusion can be drawn using spin- 
polarized calculations despite of some differences of the 
positions of N 2p states, which is caused by spin split. 
It also shows that when nitrogen-concentration exceeds 
about 2.1 at.%, the optical energy gap has little fur- 
ther narrowing compared with that at lower doping lev- 
els. In contrast, increasing the nitrogen concentration 
leads to larger formation energy. [iSj This is well consis- 
tent with the experiment, in which the higher nitrogen- 
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concentration docs not lead to further optical energy-gap 
narrowing but makes the growth of N-doped Ti02 more 
difficult. [4^] In addition, nonmetal doping (C, S and P) 
can lower the formation energy of oxygen vacancy, [lli [stI - 
[soj and thus the combined effects of the oxygen vacancy 
and nonmetal doping cannot be excluded to be respon- 
sible for the visible-light absorption in N- (C-, S- and 
P-)dopcd Ti02. 



2. Redshift or Blueshift? 

Ti02 has three kinds of crystal phases: anatase, ru- 
tile and brookite. Anatase and rutile are two common 
phases, and thus they are also generally considered to 
share similar electronic property des pite of the different 
band gap (3.2 eV for anatase phase [601 ^'^d 3.0 eV for 
rutile Dhase[6l|). It is known that N doping in Ti02 can 
induce a redshift of the optical absorption cdge.f8l.IT2l.l32l- 
li?! Surprisingly, Diwald et al. observed a blueshift of the 
optical absorption edge about 0.2 eV in N-implanted ru- 
tile Ti02.^] Soon after, Di Valentin et al. proposed that 
the band-gap increasing of approximately 0.08 eV in N- 
doped rutile Ti02 can be responsible for the experimen- 
tally observed blueshift on the basis of the first-principles 
calculations. However, this explanation is not in har- 
mony with a basic experimental fact that the redshift is 
also observed in N-doped rutile Ti02.|3i, HI HI 0, H 
In principle, there are three possible N-doping sites, in- 
cluding substitutional N-anion (N at O site, i.e., N@0), 
N-cation (N at Ti site, i.e., N@Ti), and interstitial N- 
doped structures. Hence, to check whether N doping 
in rutile Ti02 can lead to a blueshift of the optical ab- 
sorption edge, it is essential to examine the electronic 
structures of all the possible N-doped Ti02 structures. 

Figure H shows the calculated TDOS and PDOS of 
three N-doped rutile Ti02 models, [isj It shows that N 
doping either introduces some impurity states in the band 
gap for substitutional N-anion doped and interstitial N- 
dopcd Ti02 or narrows the band gap for substitutional 
N-cation doped Ti02, which both can lead to a redshift 
of the optical absorption edge. Therefore, the possibility 
that N doping leads to the blueshift of rutile Ti02 can 
be excluded. A phase transition from rutile to anatase 
by nitrogen doping can easily explain the blueshift of 
the optical absorption edge about 0.2 eV, though Diwald 
et al. did not observe the anatase phase in N-doped ru- 
tile Ti02.[63 In addition, Henderson proposed that the 
blueshift may be explained according to hole trapping 
effects. 



B. S Doping 

Experiments show that there are two possible substitu- 
tional doping sites for S dopants in Ti02, i.e., S anion at 
site (S@0) and S cation at Ti'^+ site (S@Ti).[2l- 
\2T\ . [63l - l67| . and both the S-anion and S-cation doped 
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FIG. 4: (Color online) TDOS and (B) PDOS of 72-atom 
rutile supercell. (a) Undoped, (b) substitutional N-anion 
doped, (c) interstitial N-doped, and (d) substitutional N- 
cation doped rutile Ti02. The energy is measured from 
the top of the valence bands of rutile Ti02. Reprinted 
with permission from Yang, K.; Dai, Y.; Huang, B.; Han, 
S. II J. Phys. Chem. B 2006, 110, 24011.] Copyright (2006) 
American Chemical Society. 



Ti02 show the high photocatalytic activity under visible- 
light. For example, Umebayashi et al. prepared S-anion 
doped anatase and rutile Ti02 by oxidation annealing of 
titanium disulfide (TiS2) and ion implantation in the ru- 
tile single crystal, respectively, and observed the visible- 
absorption spectrum in these samples. j26l \2T\. l63j Similar 
visible-light absorption property of S-anion doped Ti02 
was also reported by several other groups. [65l l66j and 
the S doping concentration was found to have a great 
influence on the visible-light photocatalytic activity of S- 
anion TiO^.|i64i] For substitutional S-cation doped Ti02, 
interestingly, Yu et al. observed a bactericidal effect un- 
der visible light irradiation. [2^ Ohno et al. even found 
that it exhibits stronger visible-light absorption than N-, 
C- and the S-anion doped Ti02.l2l, [H, ^ As in the 
case of N-doped Ti02, the controversy on the mech- 
anism of the visible-light absorption in S-anion doped 
Ti02 also exists. Earlier theoretical calculations indi- 
cated that S-anion doped Ti02 has an obvious band-gap 
narrowing, [2^ Isl, m, [HI] while the later first-principles 
calculation shows that S dopants introduce S Bp impu- 
rity states above the VB, which might be responsible 
for the redshift of the absorption edge of S-anion doped 
TiOz.lzl 

First-principles studies revealed that S-anion and S- 
cation doped Ti02 show different mechanisms for the 
visible- light absorption, [l^ For S-anion doped Ti02, dif- 
ferent doping levels lead to the different electronic struc- 
ture characteristics. At lower S-doping concentration (< 
2.08 at.%), band gap narrows slightly but some S 3p lo- 
calized states are introduced in the band gap (see Figure 
\5jp and Figure [nt). Therefore, electron excitations from 
these occupied S 3p states to CB might lead to a more sig- 
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FIG. 5: (Color online) (A) TDOS and (B) PDOS of undoped 
and S-doped anatase Ti02. (a) Undoped, (b) substitutional 
S-anion (S@0) doped, and (c) substitutional S-cation (S@Ti) 
doped Ti02. The energy is measured from the top of the 
valence band of undoped anatase Ti02 and the dot line rep- 
resents the Fermi level. Reprinted with permission from Yang, 
K.; Dai, Y.; Huang, B.|J. Phy s. Chem. C 2007 , 111, 18985.| 
Copyright (2007) American Chemical Society. 
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FIG. 6: (Color online) Band structure plots for (a) un- 
doped and S-doped anatase Ti02 at (b) 4.17 at.% and 
(c) 1.04 at.% doping level. The energy is measured 
from the top of the valence band of pure anatase Ti02. 
Reprinted with permission from Yang, K.; Dai, Y.; Huang, 
B. |J. Phys. Chem. C 2007, 111, 18985.] Copyright (2007) 
American Chemical Society. 



nificant redshift of the optical absorption edge than the 
slight band-gap narrowing. [6^ At higher S-doping con- 
centration (> 4.17 at.%), the mixing of the S ip states 
with the VB causes an obvious band-gap narrowing (~ 
0.7 cV), thus leading to a substantial redshift of absorp- 
tion spectra (see Figure |BJd). 

For S-cation doped Ti02, S dopants introduce some oc- 
cupied impurity states consisting of S 3s and O 2p states 
in the band gap despite of the unchanged band gap. This 
indicates that the S dopant has an electron configura- 
tion resembling like a S^"'" (s^p°) ion in Ti02 (see Figure 
[St). Therefore, these impurity states can act as transi- 
tion levels, and the electron excitations from these transi- 
tion levels to CB may be responsible for the experimental 
redshift of the optical absorption edge. Similar S doping 
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FIG. 7: (Color online) (A) TDOS and (B) PDOS of 
undoped and P-doped anatase Ti02. (a) Undoped, (b) 
substitutional P-anion (P@0) doped, and (c) substitu- 
tional P-cation (P@Ti) doped Ti02. The energy is mea- 
sured from the top of the valence band of undoped 
anatase Ti02 and the dot line represents the Fermi level. 
Reprinted with permission from Yang, K.; Dai, Y.; Huang, 
B. |J. Phys. Chem. C 2007, 111, 18985.] Copyright (2007) 
American Chemical Society. 



influence also appear in rutile Ti02.[l: 



C. P Doping 

Visible-light photocatalytic activity was also reported 
in P-anion and P-cation doped Ti02, respectively. 
Shi et al.^ found that P-cation doped (P@Ti) Ti02 
nanoparticles exhibit a stronger visible-light absorp- 
tion than undoped sample, which is thought to be in- 
duced by the impurity states in the band gap. And 
their X-ray photoelectron spectroscopy (XPS) measure- 
ments also indicated that the doped P ions are in the 
pentavalent-oxidation states (P^"*").!!!! Yu et al. also 
found that P-dopcd Ti02 shows a better photocatalytic 
ability than that the pure Ti02.[23 Li et al. observed a 
visible-light absorption in substitutional P-anion doped 
(P@0) anatase Ti02, and attributed it to a narrowed 
band gap.pTSj On the contrary, Yu et al. found a larger 
band gap in phosphor-modified Ti02 than that of pure 
TiOg. j74l| To understand the mechanism underlying these 
inconsistent experimental observations, first-principles 
electronic structure calculations for P-anion (P@0) and 
P-cation (P@Ti) doped Ti02 were performed, [l^ Figure 
[7] shows their TDOS and PDOS. P-anion doping does 
not cause a large band-gap narrowing but introduce P 
ip states in the band gap. In contrast, P-cation doping 
neither narrows the band gap nor introduces impurity 
states in the band gap. The first-principles results indi- 
cated that the high photocatalytic activity in P-cation 
doped Ti02 may be caused by the large surface area and 
the crystallinity of Ti02 instead of the formation of an 
impurity energy level in the band gap.[7^ 
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FIG. 8: (Color online) (A) TDOS and (B) PDOS of undoped 
and B-doped Ti02. (a) Undoped, (b) substitutional B-anion 
(BOO) doped, and (c) substitutional B-cation (B@Ti) doped 
Ti02. The energy is measured from the top of the valence 
band of undoped anatase Ti02 and the dot line represents 
the Fermi level. Reprinted with permission from Yang, K.; 
Dai, Y.; Huang, B. Phys. Rev. B 20 07, 76, 195201.. Copy- 
right (2007) American Physical Society. 



D. B Doping 

There are three possible doping sites for boron in Ti02, 
i.e., substitutional B for O (B@0), substitutional B for 
Ti (B@Ti) and interstitial B site. The atomic radius of 
B is larger than that of O (0.85 A vs. 0.6 A) but smaller 
than that of Ti (0.85 A vs. 1.4 A). Hence, substitutional 
B-anion (B@0) doping and interstitial B doping are ex- 
pected to cause a lattice expansion of Ti02 while substi- 
tutional B-cation (B@Ti) doping cause a lattice shrink- 
ing. Variable-cell structure optimizations for the three 
B-doped anatase models were carried out to qualitatively 
study the B doping influence on the lattice structure of 
Ti02 . [tsI Compared with the undoped anatase model, 
the volumes of the substitutional B-anion and interstitial 
B doped models expand about 7.7 % and 7.0 %, respec- 
tively. In contrast, the volume of substitutional B-cation 
doped model shrinks about 5 %. These results are consis- 
tent with Jung et al. 's experiment in which the grain size 
of anatase phase was enlarged when the incorporation of 
boron oxides is more than 10%. [tB] However, Chen et al. 
found that the doping of boron ions inhibited the crys- 
tal size. [Z^l Although substitutional B-cation doping can 
lead to a decrease of the volume of Ti02, this kind of 
structure is not consistent with Chen et al.'s experiment 
in which the B ion is sited at an interstitial position. 
Therefore, the substitutional B-cation doping cannot ac- 
count for Chen et a/.'s experimental phenomenon, and 
further studies are worthy to be done to clarify the boron 
doping effects on the crystalline size of Ti02. 

Figure [8] shows the calculated TDOS and PDOS of 
the three B-doped Ti02 models. For the substitutional 
B-anion doped Ti02, some impurity states mostly con- 
sisting of B 2p states are introduced in the band gap. 



The electron excitation energy from VB to the unoccu- 
pied gap states above the Fermi level decreases about 
0.3 eV with respect to the optical band gap of undoped 
Ti02. This is consistent with the experimental redshift 
of the optical absorption edge in B-doped Ti02.[2ll I* 
is noted that the substitutional B-anion doping leads to 
a spin-polarized electron state, [HI, [tI, [t^, HO] and thus 
forms a paramagnetic defect consisting of B and adja- 
cent Ti ions.[3l[ A detailed discussion can be found in 
section IV. For the substitutional B-cation doped Ti02, 
its optical band gap decreases about 0.3 eV due to the 
downward shift of the CB. On the contrary, for the inter- 
stitial B-doped Ti02, its optical band gap increases about 
0.2 eV for anatase Ti02 and 0.3 eV for rutile TiO, be- 
cause of the well-known "band- filling mechanism" l8l| or 
"Moss-Burstein shift" [s^, [s^ , which is often associated 
with the optical absorption shift in n-type semiconduc- 
tors. This is in good agreement with the experimental 
blueshift of the optical absorption edge in interstitial B- 
doped Ti02, in which the optical absorption energy in- 
creases about 0.12 eV. Therefore, the blueshift of optical 
absorption edge in B-doped Ti02 can be attributed to 
the intrinsic property of interstitial B-doped structure 
instead of the quantum size effects, [zl, [t^] Similar dop- 
ing effects also occur in B-doped rutile Ti02.[zE 113 It 
is also noted that the several different interstitial posi- 
tions of B dopants should exist, [3l| and both the stan- 
dard and hybrid DFT calculations have been carried 
out to study the trigonal-planar-coordinated [BO3] and 
pseudotctrahedral-coordinated [BO4] species. [3l|,|85[ It is 
found that the [BO3] specie leads to an increase in the 
band gap while the [BO4] specie leads to a decrease in the 
band gap.js^] However, the [BO3] is shown to be more 
stable than [B04].[3H 



E. C Doping 

C doping can extend the optical absorption of Ti02 
effectively. Interestingly, different degrees of the re- 
duction of the optical band gap have been observed in 
C-doped Ti02.[a, M^J Khan et al. firstly found that 
C-anion-doped rutile Ti02 exhibits two optical absorp- 
tion thresholds at 535 and 440 nm, which corresponds 
to the optical band-gap decrease about 0.18 and 0.68 
eV, respectively. Soon after, more experimental stud- 
ies confirmed that C-anion doping could induce differ- 
ent degrees of the redshift of the optical absorption edge 
of Ti02. For example, the optical band-gap reduction 
of about 0.3 eV and 0.45 eV was observed. jSa - fOOf and 
more pronounced optical band-gap reduction of about 
0.72 eV,ii| 0.86 eV,[92, ^ 0.95 eV,[9l and 1.0 
cV t96-j9^] was also observed. Xu et al. found two re- 
gions of photo-response from ultraviolet (UV) to 450 nm 
and 575 nm in C-doped anatase Ti02, which equals to 
the optical band-gap decrease of 0.45 eV and 1.05 eV, 
respectively. (9^ These experiments both indicate that 
substitutional C-anion doping can lead to several differ- 
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FIG. 9: (Color online) Dispersion relations of (a) the non- 
spin-polarized band of undoped anatase Ti02 and (b, c) 
the up-spin and down-spin bands of C-cation doped anatase 
Ti02 with C@0. The red dotted lines represent the Fermi 
level, and the dashed lines indicate the VBM and the 
CBM of undoped anatase Ti02. Reprinted with permis- 
sion from Yang, K.; Dai, Y.; Huang, B.; Whangbo, M.-H. 
|J. Phys. Chem. C 2009, 113, 262£\ Copyright (2009) Amer- 
ican Chemical Society. 



ent optical absorption thresholds in Ti02. In addition, 
carbon can also be incorporated into Ti02 as a cation at 
a Ti site because of its low electronegativity, and the C- 
cation doping influence on the optical absorption spectra 
of Ti02 is open. Kamisaka et al.^s first-principle calcu- 
lations indicate that C-cation doping neither in trod uces 
gap states nor induces visible- light absorption. jlOOj On 
the contrary, Ren et al. ' observed a visible absorption in 
the 400-450 nm range in their C-cation doped Ti 02 sa m- 



ple using UV-vis diffuse reflectance spectroscopy. [101 

Spin-polarized first-principles GGA-I- U calculations 
were carried to study the electronic and optical absorp- 
tion properties of C-anion and C-cation doped TiO9. [102l | 
Figure [D shows the calculated electronic band structures 
for undoped and C-anion doped anatase Ti02. With re- 
spect to the undoped Ti02, the band gap of C-anion 
doped Ti02 changes slightly but some spin-polarized im- 
purity states are introduced in the band gap. Corre- 
spondingly, associated electron excitations among the 
VB, the CB and the impurity states can be responsible 
for the various visible-light absorption thresholds in C 
anion-doped Ti02. The electron excitation energy from 
the occupied gap states just above the VB maximum 
(VBM) to the CB minimum (CBM) decreases about 0.33 
- 0.53 eV, which is consistent with the reduction of the 
optical absorption energy about 0.30 - 0.45 eV.fH-HO,!!! 
The electron excitation energies from the occupied gap 
states to the CB and from the VB to the empty gap 
states reduce about 0.63, 0.83 and 1.18 cV. This may be 
responsible for the large redshift (about 0.70 - 1.05 eV) of 
the absorption edge in C-doped anatase Ti02 and Ti02 
nanotubes. [9TI - [99| C-dop ed ru tile Ti02 also shows same 
electronic characteristics. |102| 

Figure [TO] shows DOS plots of undoped and C-cation 
doped anatase Ti02. For C-cation doped Ti02,it does 
not show spin-polarized electronic states, and its cal- 
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FIG. 10: (Color onhne) (a) Total and projected DOS plots 
calculated for undoped anatase Ti02. (b) Total DOS plot 
calculated for C-cation doped anatase Ti02. (c) Projected 
DOS plots calculated for the C s and C 2p states of C-cation 
doped anatase Ti02. (d) Zoomed-in views of the projected 
DOS plots of the C 2s/2p states and those of the O 2s/2p 
states for one of the two O atoms forming the linear 0-C-O 
unit. By symmetry, the projected DOS peaks for the 2px and 
2py peaks are identical. The energy zero represents the VBM 
of the undoped and C-cation doped anatase Ti02, the verti- 
cal dashed line the CBM of undoped anatase Ti02 , and the 
vertical dotted line the CBM of C-cation doped anatase Ti02 . 
Reprinted with permission from Yang, K.; Dai, Y.; Huang, B.; 
Whangbo, M.-H. J. Phys. Chem. C 2009, 113, 2624., Copy- 
right (2009) American Chemical Society. 



culated band gap in the frame of GGA+ U is about 
2.85 eV, less th an t hat of the undoped anatase Ti02 by 
about 0.18 eV. jl02l | This can explain the experimental 
redshift of the optical absorption and enhanced visible- 
light absorption in the range of 400-450 nm. |l0l| Similar 
electronic structure modifications induced by C-cation 
doping also occur in C-doped rutile Ti02. It is wor- 
thy to be mentioned that the local structure around 
the C dopant in anatase Ti02 significantly influences its 
electronic properties. Kamisaka et al.'' performed first- 
principles calculations for C-cation doped Ti02, in which 
the cell size and shape were fixed, and found that the C 
dopant forms a planar CO3 species. Neither in-gap im- 
purity states nor visible-light absorbance is found in their 
calculations. |100| In contrast, Di Valentin et al.^ reported 
a local structure of CO4 unit and found the band ga p of 
C-cation doped Ti02 shrank slightly about 0.1 eV.|ll| 
In Yang et aUs first-principles calculations, the lattice 
parameters and all the atomic positions are allowed to 
relax, in which the doped C atom forms a linear 0-C- 
O unit with a short C-0 distance (^ 1.2 A) like carbon 
dioxide 0=C=0. Interestingly, this structural character- 
istic of linear 0-C-O unit was confirmed by experimental 
X-ray Photoelectron Spectroscopy (XPS) study, in which 
the XPS measurement of the Cls bind ing e nergy (288.6 
eV) shows the presence of C=:0 bonds. [lOl| 

Interstitial C-doped Ti02 ha s als o been studied using 
first-principles calculations. [Tli [l03| It is found that the 
interstitial C dopants introduce impurity states in the 
band gap, which can lead to the visible-light absorption 
in C-doped Ti02. 
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FIG. 11: (Color online) (A) TDOS and (B) PDOS of un- 
doped and Si-doped anatase Ti02. (a) Undoped, (b) sub- 
stitutional Si-anion (SiQO) doped, and (c) substitutional 
Si-cation (Si@Ti) doped Ti02. The energy is measured 
from the top of the valence band of undoped anatase Ti02 
and the dot line represents the Fermi level. Reprinted 
with permission from Yang, K.; Dai, Y.; Huang, B. 
\Chem. Phys. Lett. 2008, 456, 71. Copyright (2008) Elsevier. 
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FIG. 12: (Color online) TDOS and PDOS plots (left and 
right panels, respectively) calculated for undoped and X- 
doped anatase Ti02 with XQO (X = F, CI, Br, and I): (a) 
undoped, (b) F-doped, (c) Cl-doped, (d) Br-doped and (e) 
I-doped anatase Ti02. The energy is measured with respect 
to the VBM of undoped anatase Ti02. Reprinted with per- 
mission from Yang, K.; Dai, Y.; Huang, B.; Whangbo, M.-H. 
,C/tem. Mater. 2008, 20, 6528.,, Copyright (2008) American 
Chemical Society. 



F. Si Doping 



G. Halogen Doping 



Visible-light photoca talytic ac tivity of Si-doped Ti02 
has also been reported. |l04l - [l07| For example. Oh et al. 
found that Si-doping at low level could improve the pho- 
tocatalytic activity of Ti02, while a high do ping over 
2% could decrease its photocatalytic activity . jl04j Yan 
et al. observed that substitutional Si-cation doping (Si at 
Ti site) could cause a rcdshift of the absorpt ion s pectra 
of Ti02 and favor its photocatalytic activity. jlOSj Ozaki 
et al. prepared nitrogen-doped silica- modified Ti02, and 
foun d a high visible-light photocatalytic activity . jl06l 
|l07| Spin-polarizcd first-principles calculations have been 
carried out to understand the mechanism of extended 
visible- light optical absorption. [l3| In this work, substi- 
tutional Si-anion (Si@0) and Si-cation (Si@Ti) doped 
Ti02 are modeled, respectively. Figure [TT] shows 
the calculated TDOS and PDOS of substitutional Si- 
doped and undoped anatase Ti02. Compared with the 
undoped anatase Ti02, substitutional Si-cation doping 
leads to a band-gap narrowing about 0.25 eV, which 
is consistent with the experimental visible-light opti- 
cal absorption. [lo3-[io3| First-principles calculations also 
show that high silicon-concentration doping cannot lead 
to further band^ap narrowing, but requires larger for- 
mation energy. |20| For the substitutional Si-anion doped 
anatase Ti02, visible-light absorption is expected be- 
cause it shows the lower photon absorption energy than 
that of undoped anatase Ti02. 



In recent years, many attempts have been made to ex- 
plore whether halogen doping can im prove the visible- 
light photocatalytic activity of TiO9. |l08l4l24l | Among 
all the halogen elements, F is one of the most exten- 



sively studied dopants. |l08l4l21 In particular, whether 
F doping could lead to visible-light absorption is con- 
troversial. F-dope d Ti02 ha s shown an improved pho- 
tocatalytic activitv |l08l Il09j | and a stronger absorption 
in the UV/Vis region, which corre spon ds to a slight 
band-gap narrowing about 0.05 eV.[llO| Similar opti- 
cal band- gap reduction also occurs in F -doped T i02 
nanotubesfnH and F-ion-implanted Ti02.[lll [ill On 
the contrary, more experimental studies show that F- 
doping neith er induces any redshifts of the absorption 

tical ab- 



edge of Ti02[lli, , „ 

sorption strength. |ll9l - ll21 | The photocatalytic proper- 



ties of Ti02 doped with other halogen elements are 
also reported. Compared with the undoped and F-doped 
Ti02,Cl a nd B r co-doped Ti02 exhibits a smaller optical 
band gap. jl22j and I-doped Ti02 shows a much better 
photocatalytic activity than und oped Ti0 2 under both 
visible light and UV-visible light, [ill [Till 

To clarify the halogen doping infiuences on the photo- 
catalytic properties of Ti02 under the UV/Vis light, it 
is essential to understand whether the doping introduces 
impurity states in the band gap and how the doping af- 
fects the CB and VB edges, i.e., the CBM and VBM of 
Ti02. First-principle calculations of halogen-doped Ti02 
have been done to understand its electronic properties 
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FIG. 13: (Color online) Comparison of the calculated VBM 
and CBM positions of X-doped anatase Ti02 with X@0 (X 
— F, CI, Br, and I) from the DFT calculations with the cor- 
responding experimental values of undoped Ti02 . The VBM 
and CBM values are given with respect to the normal hy- 
drogen electrode (NHE) potential. Reprinted with permis- 
sion from Yang, K.; Dai, Y.; Huang, B.; Whangbo, M.-H. 
\Chem. Mater. 2008, 20, 6528.| Copyright (2008) American 
Chemical Society. 



and ori gin of the associated visible-light photocatalytic 
activity, [l^ Figure [12] shows the calculated TDOS and 
PDOS of the undoped and X-anion doped anatase Ti02. 
The calculated band gap of the undoped anatase Ti02 
is about 2.10 eV. For F-, C1-, Br- and Tdoped TiOz, the 
calculated band gaps are about 2.06, 1.90, 1.80 and 1.40 
eV, respectively. The calculated band gap of the F-doped 
Ti02 is slightly less than that of the undoped Ti02 (by 
about 0.04 eV). As a result, it is unde rsta ndable that ei- 
ther a very slight decrease (^ 0.05 eV |llO|) or 110 optical 
band gap change was found in experiments. [lll[lT6Ul2ll | 
It is also noted each F atom (s'^p^) requires one less elec- 
tron from Ti02 than does each O atom (s^p^), and thus 
the substitution of one F" ion for one introduces 
one additional electron in the Ti02 lattice. As a result, 
the treatment of standard DFT calculations for the ad- 
ditional electron l eads to the n-type conductive property 
of F-doped Ti02.[i2i| In contrast, in the hybrid DFT or 
GGA-f U calculations, the additional electron is shown to 
reduce one Ti'^^ (dP) to Ti'^+ ((f) ion and introduces lo- 
cahzed gap states in the band gap. jl26l4l28 | However, the 
lack of the visible-light absorption in F-doped Ti02 indi- 
cates that the electron transition from these occupied gap 
states to the CB is not effective to lead to visible-light ab- 
sorption. Therefore, F is not a good dopant to extend the 
optical absorption edge of Ti02 into the visible light re- 
gion. In contrast, an obvious band-gap narrowing (about 
0.2 and 0.3 eV) is observed in CI- and Br-doped Ti02, 
respectively. This is consistent with the experimentally- 
observed reduction of t he ba nd gap by about 0.2-0.3 eV in 
CI/Br co-doped Ti02.[l22 For Tdoped TiOs, the band 
gap narrows about 0.7eV, and thus a significant visible- 
light optical absorption is expected. 

The photocatalytic ability of a semiconductor, i.e., the 




FIG. 14: (Color onhne) TDOS and PDOS plots (left and right 
panels, respectively) calculated for X-doped anatase Ti02 
with X@Ti (X = F, CI, Br, and I): (a) I-doped, (b) Br-doped, 
(c) Cl-doped and (d) F-doped anatase Ti02. The energy is 
measured with respect to the VBM of undoped anatase Ti02 . 
Reprinted with permission from Yang, K.; Dai, Y.; Huang, B.; 
Whangbo, M.-H. Chem. Mater. 2 008, 20, 6528., Copyright 
(2008) American Chemical Society. 



ability to transfer photon-excited electron-hole pairs to 
the absorbed species on the surface of the semiconduc- 
tor, can be partially determined by the relative positions 
of its CBM and VBM with respect to the redox potentials 
of the adsorbate.jH Therefore, the photocatalytic ability 
of Ti02 can be qualitatively evaluated by the positions 
of its CBM and VBM. Thermodynamically, the VBM of 
a photocatalytic semiconductor should lie below the re- 
dox level of the adsorbed species while the CBM should 
lie above the redox level, so that the photoinduced hole 
in VB can capture an electron from the adsorbed species 
and the photo-excited electron in CB can be transferred 
to the adsorbed species. Figure [T^ shows the comparison 
of the calculated VBM and CBM positions of X-anion 
doped anatase Ti02 (X=F, CI, Br, and I) with the ex- 
perimental values of undoped Ti02. A scissor operation 
of 1.10 eV was applied to make the calculated band gap 
comparable to the experimental value. The corrected 
band gaps for F-, C1-, Br- and Tdoped Ti02 are 3.16, 
3.00, 2.90 and 2.50 eV, respectively. For F-doped Ti02, 
its CBM and VBM shift downwards by 0.20 and 0.16 eV 
with respect to the undoped Ti02. This indicates that 
F-doped Ti02 should have a stronger oxidation ability, 
which can explain the experimentally observed higher 
photocatalytic activity in F-doped Ti02 than that of 
the undoped Ti09. jToMTol[lTl[l2l [l2lt For Cl-doped 
Ti02, its CBM shifts downwards by about 0.15 eV while 
the VBM shifts upwards by 0.05 eV relative to the corre- 
sponding values of undoped Ti02. Hence, CI doping may 
reduce the ability of oxidation and reduction of Ti02, 
which is in good agreement with the experimental fact 
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that Cl-dopcd Ti02 shows lower water-splitting p ower 
than that of undopcd Ti02 under UV irradiation. |122| 
For Br-doped Ti02, its VBM is nearly same with that 
of undoped Ti02, and thus Br-doped Ti02 should have 
the same oxidation ability with that of undoped Ti02. 
In contrast, the CMB of Br-doped Ti02 shifts down- 
wards by about 0.3eV compared with that of undoped 
Ti02, so that Br-doped Ti02 might show lower ability 
to reduce H+ to H2 than does undoped Ti02. For I- 
doped Ti02, its CBM shifts downward slightly but VBM 
is raised strongly with respect to that of undoped Ti02, 
and thus visible-light photocatalytic activity might ap- 
pear in I-doped Ti02- In summary, the changes of the 
VBM and CBM can qualitatively explain some experi- 
mental facts that the photocatal ytic ability was imp roved 
upon F, CI and Br doping. , lOSmTol [TTl Tl20l - [T22 

In addition, the local internal field induced by 
the dipole moment is considered to be effective to 
separate the electron- hole pairs and inhibit their 
recombination. |l29lll3d | and thus the photocatalytic per- 
formance of doped Ti02 can be evaluated from the vari- 
ation of the dip ole m oment of TiOg octahedron adjacent 
to the dopants. (l30l | 

Figure [H shows the calculated TDOS and PDOS of 
X-cation (X=F, CI, Br, and I) doped anatase Ti02. For 
I-doped anatase Ti02, its VBM and CBM are nearly 
same with those of undoped Ti02. However, a double- 
occupied band-gap state above the VBM about 0.6 eV is 
introduced in the band gap. Its PDOS plot shows that 
this gap state mostly consists of I 5s states and the 2p 
states of the neighboring O atoms around the I dopant, 
and that I 5p states contribute to its CB. This indicates 
that I dopant exists as an I^+ (s^) cation, as observed 
experimentally. [Ullllil The Fermi level of I-doped Ti02 
is pinned above the CBM about 0.2 eV, indicating that 
iodine is a good n-type dopant, as in the case of I-doped 
ZnTe. [l3ll | Therefore, the optical band gap of I-doped 
anatase Ti02 decreases about 0.4 eV with respect to that 
of undoped Ti02. This is mainly responsible for the opti- 
cal band-gap decrease of I-doped Ti02 and the improved 
photocatalytic efficiency in the UV/Vis region. |l23l Il24| 
For substitutional X-cation (X=F, CI, and Br) doped 
Ti02, unlike the case of I-dopcd Ti02, CI 3s and Br 4s 
states do not appear above the VBM. In contrast, singly- 
filled CI 3p and Br Ap states appear in the band gap of 
CI- and Br-doped Ti02 , respectively. This indicates that 
CI and Br at Ti sites exist as Cl''+ (s^p^) and Bv^+ (s^p^) 
ions, respectively. For F-doped Ti02, the F 2p states lie 
in the VB, and the empty F 2p states lie just above the 
Fermi level. Hence, with respect to the CI- and Br-doped 
Ti02, the doped F atom at a Ti site should exist as a F"^"*" 
{s^p ) ion to a first approximation. (l8| 



H. Hydrogen Impurities in Ti02 

As a ubiquitous impurity, hydrogen (H) widely ex- 
ists in metal oxides, which forms cither deep gap states 



or shallow donor levels. [l32l - [l35t Owning to its small 
ionic radius, H at an interstiti al si te is more stable than 
that at a substitutional site. [l36l | though in principle, 
it can form substitutional structure by replacing the O 
atom. First-principles calculations show that the inter- 
stitial H introduces a shallow donor level in Ti02. [T32I - 
I135I I137I Il38{ This is consistent with the recent exper- 
iments in which the H is identified as a cither a shal- 
low do nor or m etastable donor in rutile Ti02 single 
cr ystal.fUl Il40l | Interstitial H introduces an additional 
electron in Ti02, and thus the 77.- type conductivity can 
be understandable. However, recent GGA+ U and hybrid 
functional calculations show that the additional electrons 
can be trapped by the Ti ions, reducing Ti'*+ to T\^+ , 
and introduce the gap states. [l26l Il4l| although the po- 
sition of the gap state s strongly depends on the choice 
of U parameters. [l27j First- principles calculations also 
show that substitution of H for O can lead to t he n- type 
conductivity, though its structure is not stable. |l36j 



It is also interesting to explore the effects of H impu- 
rity on the structural s tabi l ity and e lectronic property of 
nonmetal-doped Ti02.[i3^,|l4l[iii With respect to the 
N-doped Ti02, the combinational doping of (N, H) can 
enhance the structural stability and lead to a significant 
band- gap narrowing for anatase and brookite phases of 
Ti02.113l [MSI] For N-anion doped Ti02, the doped N 
dopant exists as N^^ (s^p^) ion, and introduc es an un- 



occupied N 2p impurity state in the band gap. 144| For 
(N, H)-doped Ti02, the interstitial H atom adjacent to 
the N dopant introduces an additional electron into the 
lattice, and forms N-H bond by transferring the addi- 
tional electron to one empty N 2p orbital. As a result, 
all the N 2p impurity states become occupied, leading 
to either an obvious band-gap narrowing or double-filled 
N 2p impurity states above the VB. This type of charge 
compensation mech anism also occurs in (N, Ta)- and (N, 
F)-doped Ti02,@,|l4il in which the substitutional Ta- 
cation (Ta^+) and F-anion (F~) doping introduce one ad- 
ditional electron into the Ti02 lattice separately, which 
fills the empty N 2p orbital. For (C, H)-doped Ti02, it 
is thermodynamically more stable tha n C- doped Ti02, 
and a band-gap narrowing also occurs. [l43j However, in 
this case, one electron donated by the interstitial H can- 
not compensate the two holes of C^~ {s^P^) dopa.nt. jl46j | 
and thus this incomplete charge com pens ation results in 
an impurity level just below the CB. |l43| It is expected 
that two interstitial H and one substitutional C at an 
O site can satisfy full charge compensation. In addition, 
recent experimental and theoretical studies show that hy- 
drogenation on the surface of Ti02 can lead to a struc- 
tural disorder and introduce mid-gap states, which is 
responsi ble for th e improved solar-driven photocatalytic 
activity. |l47l Il48{ In summary, the infiuence of hydrogen 
impurity on the structural stability and electronic prop- 
erty of Ti02 is one interesting topic, and further work is 
worthy to be done. 
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I. Co-doping 

Introducing impurity states in the band gap by non- 
metal or metal doping is effective to extend the opti- 
cal absorption edge of Ti02 into the visible-light region, 
however, the electron- hole recombination center, which 
generally refers to the impurity-related states near the 
middle of the band gap, inhibits the photocatalytic effi- 
ciency of Ti02. Therefore, narrowing band-gaps without 
creating mid-gap states is necessary to maximize the pho- 
tocatalytic performa nce of Ti02 under the visible-light 



irradiation. To this aim, co-doping can be an 

effective approach because it has three important effects: 

(1) Co-doping can eliminate impurity states in the 
band gap via charge compensation between different 
dopants, which can reduce the number of recombination 
centers and promote the separation of electron-hole pairs. 

(2) Co-doping can facilitate the mixing between the 
impurity states and VB (CB) by adjusting the position 
of impurity states in the band gap, and narrow the band 
gap effectively. 

(3) Co-doping can reduce the formation energy of 
the combination defect with respect to the mono-doped 
Ti02, and thus improving the solution of ideal dopants 
in Ti02 or other metal oxides becomes possible. 

Herein, we divided the co-doping into three classes, 
i.e., anion-anion co-doping, anion-cation co-doping and 
cation-cation co-doping, according to the ionic type (an- 
ions or cations) of dopants, and summarized the re- 
cent theoretical research progress of the co-doped Ti02, 
mainly from the viewpoint of charge-compensation. 



1. Anion-anion Co-doping 

One typical exa mple of anion-a, i iion co-doping is (N, F) 
co-doped Ti02,[2i, |lll, Ull, [THl [HI in which N and F 
both replace O ions. In N-anion mono-doped Ti02, one 
N at an O site introduces an accept level in the band gap 
and exists as a ion, while in F-anion mono-doped 
Ti02, one F at O site introduces one donor level by do- 
nating one additional electron into the Ti02 lattice. As 
a result, in (N, F) co-doped Ti02, this additional elec- 
tron can occupy the N 2p accept level, and then all the 
N impurity states become occupied. These occupied N 2p 
states are located just above the VB, and do not act as 
the electron- hole recombination center, hence improving 
the visible-light photocatalytic activity of Ti02 wit h re- 
spect to that of the N-anion mono-doped Ti09. [29l . Il54l | 
In addition, (N, F) co-doping reduces the formation en- 
ergy with respect to that of the N mono-doped Ti02, 
and thus a higher nitrogen-concentration doping can be 
realized. Similar anion-anion charge compensation effect 
is expected to occur in (N, CI), (N, Br), (N, I), (P, F), 
(P, CI), (P, Br) and (P, I) co-doped Ti02. 





Mo 
N 
O 



FIG. 15: (Color online) Relative positions of substitutional N 
anion and Mo cation in Ti02: (a) Non-passivated doping, and 
(b) passivated doping. Reprinted with permission from Liu, 
H.; Lu, Z.; Yue, 1 .; Liu, J.; Gan, Z.; Shu, C.; Zhang, T.; Shi, J.; 
Xiong, R. Appl. Sur. Sci. 2011, 257, 9355.. Copyright (2011) 
Elsevier. 



2. Anion-cation Co-doping 

(N, Hint) co-doped Ti02 is a typical example of the 
anion-cation co-doping, in which N replaces O while H 
locates at an interstitial site. In this system, one electron 
donated by an interstitial H occupy the N 2p acceptor 
level, and the band gap narrows about 0.26 eV, much 
larger than the N-anion mono-doped Ti02 (0.04 eV). |l42j | 

Another two kinds of anio n-cation c o-doping combina- 
tions are (N, X) and fC.Y^. fllsl . fl50l flsM IlSq in which 
X can be Ta^+ or while Y(204 can be or 
Mo^+. It is kn own that N dopant exists as (s^p^) 
ion at an O site. [l44{ and introduces one acceptor level in 
the band gap, while pentavalent Ta (Nb) cation at a Ti 
site donates one electron into Ti02 lattice, introducing 
one donor level in the band gap. As a result, t he charge 
compensation can occur in (N, Ta). |l45l Il55| and (N, 
Nb) co-doped Ti02 , and the electron- hole recombination 
center (i.e., the impurity-related states near the middle 
of the band gap) might be removed, thus promoting the 
rate of electron-hole separation and improving its photo- 
catalytic efficiency. Simi larly , the C dopant exists as C^~ 
(s^p*) ion at an O site. [l46j and introduces two accep- 
tor levels in the band gap. In contrast, the hexavalent 
W (Mo) cation at a Ti site donates two electrons into 
Ti02 lattice, i.e., introducing two donor levels^ There- 
fore, in (C, W) and (C, Mo) co-doped TiO9.[T50l. [l56| 
the two acceptor levels introduced by C dopant become 
occupied by capturing the two electrons donated by W 
and Mo, and C 2p impurity states are more close to the 
VB, reducing the number of electron- hole recombination 
centers. However, it is noted that the full charge com- 
pensation only occurs when the doped anion and cation 
are bonded together, though this configurat ion generally 
possesses the lowest total energv. |l56l Il57l | This is rea- 
sonable because the doped anion and cation can form a 
strong bond by a direct charge transfer. 

Recently, another kind of anion-cation c o-do ping such 
as (N, Mo) co-doping has been proposed. [l57j in which 
two N anions are bonded to one hexavalent Mo cation, 
forming a near-linear N-Mo-N unit. For convenience, 
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FIG. 16: (Color online) TDOSs of (Mo+N) co-doped 
Ti02 (Tii_a:Moa;02-aNj;): (a) Non-passivated and (b) pas- 
sivated. The red dash lines represent the Fermi level. 
Reprinted with permission from Liu, H.; Lu, Z.; Yue, 1.; 
Liu, J.; Gan, Z.; Shu, C.; Zhang, T.; Shi, J.; Xiong, R. 
\Appl. Sur. Sci. 2011, 257, 9355.| Copyright (2011) Elsevier. 



we refer it to as (N-Mo-N) co-doping. In this case, two 
electrons donated by one hexavalent Mo cation at a Ti 
site can compensate two holes introduced by two N an- 
ions, thus achieving full charge compensation. Liu et al. 
further studied the difference of the electronic struc- 
tures bet ween non-passivated and passivated (N, Mo) 
co-doping. [1571 The local geometrical configurations of 
N and Mo dopants for these two kinds of (N, Mo) co- 
doped Ti02 are shown in Figure [TS] Their calculated 
TDOS and PDOS plots are shown in Figure[T6l For non- 
passivated (N, Mo) co-doping, one N anion is bonded to 
one Mo cation, and the doping ratio between N and Mo is 
1. In this case, one hole introduced by one N cannot com- 
pensate two electrons donated by one Mo, thus leading 
to n-type conductivity. In passivated (N, Mo) co-doped 
Ti02, i.e., (N-Mo-N) co-doped system, the two electrons 
are fully compensated by the two holes introduced by the 
two N anions, and the N 2p acceptor levels are removed 
and do not act as an electron-hole recombination centers, 
thus improving the photocatalytic efficiency. 

Similar to the case of (N-Mo-N) co-doped Ti02, wc 
speculate that the full charge compensation can also oc- 
cur in (N-W-N), (Ta-C-Ta), and (Nb-C-Nb) co-doped 
Ti02. The calculated TDOS and PDOS using GGA+U 
method for these three co-doped Ti02 are shown in Fig- 
ure [T71 The det ails of U value setting can be found 
in previous work. [l4l| For comparison, the TDOS and 
PDOS for the undopcd Ti02 are also shown. For (N- 
W-N) co-doped Ti02, the two electrons donated by the 
W cation compensate the two holes introduced by the 
two N anions. With respect to the N-anion mono-doped 
Ti02, all the N 2p states are occupied and lie just above 
the VB in this system, and no accept levels exist in the 
middle of the band gap. For (Ta-C-Ta) and (Nb-C-Nb) 
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FIG. 17: (Color onhne) TDOS and PDOS plots (left and right 
panels, respectively) calculated for undoped and anion-cation 
co-doped anatase Ti02: (a) Undoped, (b) (N-W-N) co-doped, 
(c) (Ta-C-Ta) co-doped and (d) (Nb-C-Nb) co-doped anatase 
Ti02. The VBM of each compound was set to zero for a 
convenient comparison. 



co-doped Ti02, the two electrons donated by two Ta (Nb) 
electrons compensate the two holes introduced by one C 
dopant, and all the C 2p states become occupied. Com- 
pared with that of (Ta-C-Ta) co-doped Ti02, the C 2p 
states in (Nb-C-Nb) co-doped Ti02 is much close to the 
VB, indicating that the C dopant forms a stronger C-Nb 
bond than C-Ta bond. It is also note d that, wi th respect 
to C- or N-anion mono-doped Ti09. |l44l . Il46l | the three 
co-doped systems become non-spin-polarized because of 
the full charge compensation. 



3. Cation-cation Co-doping 

Cation-cation co-doping has also been proposed to nar- 
row the band gap of Ti0 2, and two criteria of choosing 
cations are suggested. 15lj Firstly, the cation should have 
a closed-shell electronic configuration like dP or Sec- 
ondly, to keep the semiconductor characteristic of Ti02, 
co-doping with cations and B^+ should satisfy a 

simple rule, i.e., x -\- y = 8. On the basis of the cri- 
teria, the cation-cation co-doping combination of (Mo^"*" , 
Zn2+/Cd2+) and {Ta^+ , Ga^+ /lir^+) is expected to cause 
an effective band-gap narrowing without introducing gap 
states. In these two kinds of cation-cation co-doped 
Ti02, the number of the holes introduced by Zn^+/Cd^+ 
(Ga^"'"/In'^"'') equals to that of electrons introduced by 
Mo^+ (Ta^"*"), and thus full charge compensation can be 
obtained. In addition, the electronic configuration of (f 
or (f^ of the cations can guarantee that the d states of 
dopants either are fully unoccupied or occupied, and thus 
no d-orbital-related impurity states can be created in 
the band gap. Figure [TH] and Figure [TH] show the cal- 
culated TDOS and PDOS of {Ta^^ , Ga^+ and 
(Mo'^+, Zn2+/Cd2+) co-doped Ti02, respectively. As 
shown from the plots, the charge compensation occurs in 
the two systems, and with respect to cation mono-doped 
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FIG. 18: (Color online) Total DOS and PDOS plots for 
(Ta, Ga/In) co-doped 108-atom supercell anatase. The 
top of the valence band of pure anatase is set as zero. 
Reprinted with permission from Long, R.; English, N. J. 
\Phys. Rev. B 2011, 83, 155209.| Copyright (2011) American 
Physical Society. 



TABLE I: List of the acceptor atoms and donor atoms in 
Ti02 . The numbers in the third column represents the intro- 
duced holes per acceptor atom {Nh) or donated electrons per 
donor atom (A^e)- Hi„f and Lii„t represent the interstitial H 
and Li ions, respectively. 





Acceptor atom 


Nh 




Anion 
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[16, 




C2- 
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\U6} 






3 


[80] 


Cation 


B^+, AF+, Ga^+, In^+ 


1 


[80] 




g(.3-t- Y'^+ La^^ 


1 


a 




Bc2+, Mg2+i Ca2+, Sr2+, Ba2+ 


2 


[80] 




Li+, Na+, K+, Rb+, Cs+ 
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[80. 160] 




Donor atom 






Anion 


cr , Br-, I- 
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[18, 


Cation 
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[132-134. 1421 




Nb5+, Ta5+ 


1 






Mo6+, 
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[15^ 



" Our DFT calculations indicated that the substitutional Sc (Y 
and La)-cation doping introduces one hole in O 2p orbital, and 
produces a spin magnetic moment of 1.0 fj-s- 
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FIG. 19: (Color online) Total DOS and PDOS plots for 
(Mo, Zn/Cd) co-doped 108-atom supercell anatase. The 
top of the valence band of pure anatase is set as zero. 
Reprinted with permission from Long, R.; English, N. J. 
^Phys. Rev. B 2011, 83, 155209. | Copyright (2011) American 
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Ti02, the mid-gap states are passivated. 

In summary, co-doping can be an effective approach to 
narrow the band gap of semiconductor photocatalyst and 
get rid of the electron-hole recombination centers through 
the full charge compensation. To this aim, the number 
of the holes on acceptor levels should be equal to that of 
the electrons on donor levels. Therefore, we can define 
the following equation to be a basic rule for co-doping: 



(4) 



Na and represent the number of acceptor atoms and 
donor atoms, respectively. Nh represents the number of 
introduced holes per acceptor atom and Ng represents the 
number of donated electrons per donor atom. It is noted 
that the Ti (O) ions in Ti02 and SrTiOs have same chem- 



ical state, and thus the co-doping combi nations m en- 
tioned above can also be applied in SrTiOrt. jl58lll59l | For 
a reference to choose an ideal combination of dopants for 
co-doping in Ti02 and SrTiOa, wc list the common ac- 
ceptor (donor) atoms as well as the number of the holes 
(electrons) per acceptor (donor) atom in Table HI 



IV. MAGNETIC PROPERTIES OF C-, N- 
B-DOPED TIO2 



AND 



As one of the widely used wide-band-gap semicon- 
ductors, Ti02 has also attracted great interest own- 
ing to its potential applications in the spintronics. 
Since the discovery of the room-temperature ferromag- 
netism (RTFM) in Co-doped Ti02,[i6l| lots of exper- 
imental attempts have been made to obtain a stable 
RTFM through doping TiO? an d ZnO with various 
transition- metals (TMs). |l62| - |l67j | Recently, unexpected 
RTFM has been observed in two classes of semiconduc- 
tors in the absence of TM dop ants. One class is un- 
dope d ox ides such asCaO. 



Hf02,U6a Ti02,nl! 



and Sn09. |l72| the ferromag netism of which 

is a ttributed to the cation vacancy, [m [m, nzi- 

Il75l | The other one is doped oxid es with 2p light ele- 
ments, such as C (NVdoped Zn O.flTel-flTSl Ti02,[l7S 



184ll85| SrTiO^.]l8e 



11811 SrO. llSa Sn 0..ll83f In203,. ^ ^ 

and BaTiOsllll The ferromagnetism in the t wo t ypes 
of materials is also called as magnetism. |l88| be- 

cause the magnetism is not caused by the partially filled 
d electrons. Soon after the exp erimental discovery of 
the RTFM in C-doped ZnO,[l7i| lots of theoretical ef- 
forts have been made to explore the origin of the (f 
magnetism in^p- light-element doped oxides, sulfides and 
nitrides, m [HI llH [l89l - [l96t Here we review the the- 
oretical progress of the dP magnetism in C-, N- and B- 
doped Ti02. 
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FIG. 20: (Color online) Total DOS and PDOS plots for (a) 
C-doped, (b) N-doped and (c) B-doped anatase Ti02. The 
Fermi level is indicated by the dashed line at eV. 



FIG. 21: (Color onhne) Total DOS and PDOS plots for (a) C- 
doped, (b) N-doped and (c) B-doped rutile Ti02. The Fermi 
level is indicated by the dashed line at eV. 



A. Origin of Spin-polarization 

The spin-polarization in substi tutional C-, N- an d B- 
dopcd TiOs has been studied, [sol. [Til [l46l . [iMEoot It is 
useful to analyze the mechanism of the spin-polarization 
by examining the PDOS of the dopant. Figure [20l shows 
the TDOS and PDOS of C- (N- and B-) doped anatase 
Ti02. It clearly shows that the substitution of C (N and 
B) for O leads to a substantial spin-polarization. For C- 
doped Ti02, the up-spin C 2px, 2py and 2pz orbitals are 
both occupied, and the down-spin C 2pz orbital is also 
occupied, but the down-spin C 2px and 2py orbitals arc 
unoccupied. This indicates that one doped C atom at 
an O site generates a magnetic moment of 2.0 pB, and 
has an electron configuration like that of a {s^p'^) 
anion. For N-doped Ti02, N has one more electron than 
C, and the additional electron occupied the down-spin 
N 2px orbital, thus leading to a magnetic moment of 1.0 
fi B ■ The doped N shows the electron configuration of N^^ 
[s^p^) anion. For B-doped Ti02, B has one fewer electron 
than C, and thus it should exist as a B^~ {s^p^) anion at 
an O site. Its PDOS shows that up-spin and down-spin 
2px orbitals and up-spin 2pz orbital are occupied, but 
the other three orbitals are unoccupied, thus resulting in 
a magnetic moment of 1.0 pB- Similar spin-polarization 
induced by C- (B- and N-) anion doping also appears in 
rutile Ti02, see Figure ETl 

It is noted that the magnetic property of C- (N- and 
B-) doped ZnO and ZnS ha s also been we ll studied from 
first-principles calculations. |l76l Il89l - ll95j One C (N and 
B) atom at an O site in ZnO produces a spin magnetic 
moment of 2.0 (1.0 and 3.0) pB^ respectively, and thus it 
is proposed that the magnetic moment per dopant (in 
Pb) is equal to the difference of the atomic numbers 
between the dopant a nd h ost anion in AIN- and ZnO- 
based semiconductors. |l9l| This is reasonable for AIN- 
and ZnO-bascd semiconductors. For X-anion (X=C, N, 
and B) doped AIN- and ZnO-bascd semiconductor, the 



local XZn4 structure has a Td symmetry, in which the 2p 
orbitals of dopant arc 3-fold degenerated, and thus 
(s^p^), N^~ (s^P^), and B^^(s^p'^) produces a spin mag- 
netic moment of 2.0, 1.0, and 3.0 /is, respectively. For 
X-anion doped AlN-based semiconductor, the doped C, 
N, and B exist as &-[s^p^), n^~{s^p^), and B^-{s^p^) 
ions, and the distribution of the 2p electrons on the 3- 
fold p orbitals produces a spin magnetic moment of 1.0, 
0, and 2.0 /zb, respectively. In contrast, the local CTia 
structure of C-doped Ti02 has a C2v symmetry, and the 
3-fold degenerate p orbitals of B atom are split into three 
nondegenerate energy levels. In B-doped anatase Ti02, 
the three p electrons of B^~ {s^p^) preferentially occupy 
the up-spin and down-spin 2px and up-spin 2pz orbitals , 
thus generating a magnetic moment of 1.0 pB- Therefore, 
the symmetry of the local structure is a critical factor to 
analyze spin magnetic moment besides the difference of 
the fundamental property between the dopant and host 
anion. 



B. Magnetic Coupling 

Whether a stable RTFM can be formed is determined 
by the magnetic coupling strength between the magnetic 
moments of dopants, which is reflected by the energy dif- 
ference between the ferromagnetic (FM) and antiferro- 
magnetic (AFM) states. To explore the possibility of fer- 
romagnetism in C- (N- and B-) doped Ti02, ten different 
arrangements of Ti02 with two dopants (48-atom 2x2x1 
supercell for the anatase phase and 72-atom 2x2x3 su- 
percell for the rutile phase) were modeled to examine the 
magnetic coupling strength (see Figure [H]). For doped 
anatase Ti02, ten arrangements of two dopants are mod- 
eled by replacing two O atoms using two C (N) atoms at 
positions (0, 1), (0, 2), (0, 3), (0, 4), (0, 5), (0, 7), (0, 
8), (0, 9), (1, 6), and (3, 8). For doped rutile Ti02, the 
ten arrangements arc modeled by replacing two O atoms 
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using two C (N) atoms at positions (0, 1), (0, 2), (0, 3), 
(0, 4), (0, 5), (0, 6), (0, 7), (0, 8), (0, 9), and (0, 10). 

For C-doped anatase and rutile Ti02, both the con- 
figurations of (0, 1), (0, 2) and (0, 3) are nonmagnetic, 
in which the C- • • C distance are shorter or close to a 
typical C=C double bond, see Table HIl for anatase Ti02 
and Table Hill for rutile Ti02- These nonmagnetic con- 
figurations are considerably more stable than other con- 
figurations. This indicates that the C dopants have a 
tendency to form a C cluster through direct CC bond- 
ing interaction. In particular, the (1, 6) configuration 
of anatase Ti02 and (0, 6) configuration of rutile Ti02 
form a stable FM coupling. To understand their FM cou- 
pling mechanism, the spin density distributions around 
the two ions of the two configurations arc presented 
in Figure[231 It shows that the two C^^ ions of (1, 6) con- 
figuration of anatase Ti02 and the (0, 6) configuration of 
rutile Ti02 both have a strong spin-polarization, and the 
spin-polarization extends to the second-ncarcst-ncighbor 
O ions. The magnetic orbitals of the two ions can 
overlap around the common second-ncarcst-ncighbor O 
ions, so that the overlapped spin density might lead to 
the FM coupli ng b etween the magnetic moments of the 
two ions. |20lj The theoretical prediction was later 
confirmed by the experimen ts in which RTFM was found 
in C-doped TiO9. [l79l[l80t In contrast, a stable AFM or 
paramagnetic (FM) state was formed in the other struc- 
tures, in which their spin density plots show that the 
two C dopants do not have common spin-polarized O 
ions. Therefore, the AFM might result from the direct 
magnetic orbital interaction between the two ions. 
When the distance between the two C sites increases, a 
PM state is formed in which the magnetic interaction be- 
tween the magnetic orbitals of the two C ions becomes 
negligible. 

For N-doped anatase and rutile Ti02 , a systemic study 
of the magnetic coupling i nteraction bet ween two N 
dopants was also performed. |l44 [Tool . l20Cl| Two impor- 
tant conclusions could be obtained as below jl44| : 

(a) A substantial FM or AFM coupling occurs when 
two N'^" ions are coordinated to a common Ti ion. A 
stable AFM coupling occurs when the ZN-Ti-N angle is 
small (less than ~99°), and a stable FM coupling occurs 
when the ZN-Ti-N angle is large (greater than ~^102°). 

(b) The AE values for the various configurations in N- 
doped anatase and rutile Ti02 arc nearly uniform. This 
indicates that the N dopants do not have a ten dency to 
form a cluster, unlike the case of C-doped Ti02.[146[ 

The three-dimensional (3D) spin density distribution 
plots of onc-N-atom doped anatase and rutile Ti02 are 
presented in Figure 1241 The magnetic orbital around the 
N dopant has a dumbbell-shaped distribution, the axis of 
which is perpendicular to the NTis plane, and the spin 
density mostly originates from the N 2p orbital. A de- 
tailed analysis of the 3D spin density distribution for the 
two-N-atom doped anatase and rutile Ti02 shows that 
the magnetic orbital interaction between the two N sites 
can be divided into 5-type, 7r-type and orthogonal (±) 



TABLE II: Values of the C- • ■ C distance, the relative ener- 
gies AE (eV) and Emag (meV), and the magnetic moment 
[M) {fJ,B) on each C atoms calculated for the (i, j) struc- 
ture of the two-C-atom doped anatase Ti02. For each (i, 
j) structure, the energy of the lower-energy state (either FM 
or AFM) is given with respect to that of the (0, 1) struc- 
ture, i.e., AE=E{i, j)-E(0, 1). For each (i, j) structure, the 
energy of the FM state is given with respect to that of the 
AFM state, i.e., Emag=EFM-EAFM (meV). Reprinted with 
permission from Yang, K.; Dai, Y.; Huang, B.; Whangbo, 
M.-}l. \Appl. Phys. Lett. 2008, 93, 1325071 Copyright (2008) 
American Institute of Physics. 

(i, j) C---C AE (eV) Emag (meV) M (/xb) 



(0, 1) 


1.339 











(0, 2) 


1.294 


0.27 








(0, 3) 


1.274 


1.16 








(0,4) 


3.027 


6.43 


106 


0.67 


(0, 5) 


3.776 


6.55 


102 


0.66 


(1,6) 


3.776 


6.38 


-251 


0.77 


(0, 7) 


4.126 


6.17 


75 


0.53 


(0, 8) 


4.644 


6.53 


16 


0.69 


(0, 9) 


4.973 


6.39 


48 


0.67 


(3, 8) 


6.825 


6.63 


5 


0.69 



TABLE III: Calculated resuhs for C-doped rutile Ti02. 
(i, j) C---G AE (cV) E,^ag (mcV) M {(Ib) 



(0, 1) 


1.314 











(0, 2) 


1.282 


0.18 








(0, 3) 


1.368 


2.16 








(0,4) 


3.152 


5.28 


12 


0.68 


(0, 5) 


4.11 


4.88 


103 


0.52 


(0, 6) 


4.036 


5.56 


-192 


0.73 


(0, 7) 


4.643 


5.37 


9 


0.68 


(0, 8) 


5.019 


5.38 


8 


0.69 


(0, 9) 


6.605 


5.57 


8 


0.68 


(0, 10) 


7.358 


5.36 


-5 


0.69 



type. The strength and type of the orbital interaction 
could be responsible for the FM/AFM coupling mecha- 
nism. When the ZN-Ti-N angle is small (less than ^99°), 
a substantial through-space S- or 7r-type magnetic orbital 
interaction between the two N-dopants leads to an AFM 
coupling. A direct through-space S-type overlap also 
takes place in the (0, 5) configuration of anatase Ti02 
and the (0, 7) configuration of rutile Ti02, in which an 
AFM coupling is formed even though the two N dopants 
arc not coordinated the same Ti ion. When the ZN-Ti-N 
angle is large, the through-space S- or 7r-type magnetic 
orbital interaction becomes negligible, and in this case, 
the magnetic coupling interaction gives rise to FM cou- 
pling and its ground FM state is more stable than AFM 
state about from 10 to 39 meV. This is consistent with 
the experim enta l ly ob served ferromagnetism in N-doped 
rutile Ti09.[l8l |20^ It is worth noting that the effec- 
tive magnetic coupling interaction only occurs between 
the nearest neighbor N dopants. This means that there 
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FIG. 22: (Color online) (a) 48-atom 2x2x1 supercell of anatase phase employed to define C (N)-doped Ti02 structure, (b) 
72-atom 2x2x3 supercell of rutile phase employed to define C (N)-doped Ti02 structure. The larger and small spheres 
represent the Ti and O atoms, respectively. The O atoms labeled by 0-9 in anatase Ti02 and labeled by 0-10 in rutile Ti02 
are the sites to be replaced with C (N) atoms. Reprinted with permission from Yang, K.; Dai, Y.; Huang, B.; Whangbo, 
M.-H. PppZ. Phys. L ett. 2008, 93, 132507. Copyright (2008) American Institute of Physics and Yang, K.; Dai, Y.; Huang, B.; 
Whangbo, M.-H. |C/iem. Phys. Lett. 2009, 481, 99. | Copyright (2009) Elsevier. 







• OOTicj 






(a) 



FIG. 23: (Color online) Spin density distributions under FM 
alignment around the C atoms for configuration (1, 6) of 
anatase Ti02, and configuration (0, 6) of rutile Ti02. The 
pink and blue contour lines indicate the up-spin and down- 
spin density, respectively. 



exists a percolation threshold of nitrogen-concentration 
to produce the ferromagnetism. Only if the nitrogen- 
concentration reaches a minim al va lue of about 14%, 
can ferromagnetism be observed. |l44j A similar threshold 
of the nitrogen-concentration to produce ferr omag netism 
also occurs in N-doped SrTiOs and BaTiOs.liag 

For B-anion doped Ti02, a detailed discussion of the 
relative stability and magnetic coupling characteristics of 
two-B-doped anatase Ti02 has been done.jl^l With re- 
spect to the structural configuration in Figure (0, 1), 
(0, 2), (0, 3) and (0, 4) structures of two-B-atom doped 
anatase Ti02 are nonmagnetic, the B- • • B distances of 
which are much close r to the bond length of boron clus- 
ter (1.48^1. 7A). [203| and they are relatively more stable 
than other magnetic structures [(0, 5), (1, 6) and (3, 8)]. 
This indicates that the B atoms prefer to form a clus- 
ter through direct B-B bonding inte ractions, similar to 
the case of C-doped ZnO and Ti02.[iii, Ezl In (0, 8) 




FIG. 24: (Color online) Spin density distribution around 
the N-dopant calculated for one-N-atom doped (a) anatase 
and (b) rutile Ti02. Reprinted with permission from 
Yang, K.; Dai, Y.; Huang, B.; Whangbo, M.-H. 
\Chem. Phys. Lett. 2009, 481, 99. | Copyright (2009) Elsevier. 



and (0, 9) structures, the B dopants are displaced from 
the oxygen sites upon structural relaxation, forming in- 
terstitial B-doped structure. Total energies of these two 
structures are much close to those of (0, 1), (0, 2), (0, 3) 
and (0, 4) configurations, thus indicating that the inter- 
stitial B-doped structure is relatively easy to form, [g^ It 
is also noted that the magnetic coupling interaction be- 
tween the magnetic orbitals of t wo B ^ ~ is much wea ker 
than that of C (N)-doped Ti02.[l4l [Hi, [Hi, [20| In 
spite of their magnetic coupling types, the maximum to- 
tal energy difference between the FM and AFM state is 
about 27 meV, and it becomes negligible when the B- • • B 
distance exceeds about 7A. Therefore, B-anion doping is 
not an effective way to produce (P ferromagnetism in 
Ti02. 
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V. CONCLUSION AND OUTLOOK 

A deep theoretical understanding on the structural sta- 
bility, electronic structure, optical and magnetic proper- 
ties of nonmetal-doped Ti02 is of great importance to 
develop its photocatalytic and spintronic applications, 
which can be well established from first-principles calcu- 
lations. First-principles theoretical calculation of doped 
Ti02 is still an ongoing subject. Herein, we would like 
to point out future theoretical direction from the view- 
point of first-principles calculations. One is the nonmetal 
or metal doping infiuence on the anatase to rutile phase 
transition, and a clear theoretical understanding on its 
mechanism will be interesting and useful to optimize the 
performance of Ti02 in photocatalytic and other appli- 



cations. Another one is to explore an effective physical 
or chemical parameter to characterize the photocatalytic 
performance of Ti02, which should be directly or indi- 
rectly obtained from first-principles calculations. If so, 
some approaches can be taken to maximize the photo- 
catalytic activity of Ti02. 
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